Background: Suicide causes rising economic costs and public health risks for communities in the worldwide. Physical activity (PA) is considered a potentially feasible approach to reduce risk of suicide with low cost and high accessibility, and therefore attracting increasing attention. However, current literature on the association between PA and suicidal behavior amongst elderly people in low-and middle-income countries (LMICs) are scarce. Therefore, in this study we aimed to examine the relationship between suicidal thoughts (ST) and suicidal attempts (SA) with PA among elderly people in five LMICs. Methods: Cross-sectional data were collected from WHO's Study of Global Ageing and Adult Health (SAGE) with 2,861 participants aged 50 years or above. Variables included: self-reported occurrence of ST and SA during past 12 months and four types of PA (vigorous physical activity (VPA), moderate physical activity (MPA), walking/bike riding, moderate leisure time physical activity (MLPA)). Results: The overall prevalence of taking >75 min of VPA/week, >150 min/week, MLPA and walking/bike riding were, respectively, 85.4% (95% CI [81.3-88.7 In adjusted multivariable regression analysis, not engaging in PA revealed positive association with higher odds of having morbid thoughts and SA, however, with varying degrees for different types of PA among men and women and across countries. The adjusted odds ratio among elderly who encountered ST increased significantly with PA levels (1.265 in male and 1.509 in female with VPA, 1.292 in male and 1.449 in female with MPA, 1.669 in female with LMPA and 3.039 in women with walk/bike); similarly, with SA (1.526, 1.532, 1.474 and 1.392 in women with VPA, MPA, LMPA and Walk/bike, respectively). The degree of adjusted odds ratio varied between genders and among countries. Conclusion: Although the data were cross-sectional, and no linear dose-response relationship was observed between PA and morbid thought and suicide ideation, the findings provide important indications of potential harmful effects of no/inadequate PA on psychological morbidities among older individuals. Promoting adequate PA among older individuals through community-based suicide prevention programs can potentially contribute to reduction in the burden of PA in LMICs.
BACKGROUND
Suicide is not only a personal tragedy that causes permenent loss of life, but also a catastrophe for the families, friends and even communities left behind (World Health Organization, 2014) . Suicide accounts for 1.4% of all death worldwide, ranking as the 17th leading cause of death in 2015 (World Health Organization, 2018) . Besides the heavy burden that a completed suicide brings about, it is closely associated with two other non-fatal suicidal behaviors: suicidal thoughts (ST) and suicide attempts (SA), referring to thinking about death and attempting to end one's own life, respectively. The prevalence of ST and SA is significantly higher than in completed suicide (Turecki & Brent, 2016) , accounting for 9.2% and 2.7%, respectively (Nock et al., 2008) . Moreover, amongst those who have had ST within the previous 12 month, nearly 15% may put the idea into practice of the people who attempted to end their lives but failed, 16.3% will repeat SA within 12 months, and 3.9% may complete suicide within 5 years (Carroll, Metcalfe & Gunnell, 2014) . In other words, suicidal behaviors are strong predictors of complete suicide (Runeson et al., 2010) , and therefore, important in guiding explorations on suicide prevention.
Suicide is preventable. The past few decades have witnessed a significant number of studies exploring the associated risk factors. The fruitful findings reveal that: (1) the suicide action amongst older adults involves a large variety of determinants, such as sociodemographic characteristics (including religion, gender, residency, employment status etc.) (Hawton & Heeringen, 2009) , poor mental health status (including affective disorders such as depression and anxiety, etc.) (Brown et al., 2000; Waern, Rubenowitz & Wilhelmson, 2003) , serious physical illness (including cancer, chronic pain, perceived health status) (Ahmedani et al., 2017) and low social functions (including hopeless, loneliness, etc.) (Deuter et al., 2016) ; and (2) amongst these factors, depression is a major factor (Isacsson et al., 2010) .
Efforts have been made to seek effective interventions to reduce risks of ST and (or) SA. Prior explorations were mainly led by medical understanding and frameworks, and therefore largely concentrated on medical identification and treatment of depression (Deuter et al., 2016) . Interventions, such as cognitive behavioral therapy and some antidepressants, have indeed been recognized as helpful in reducing risks of ST/SA; nevertheless, many require relatively intensive resources and are confined to a limited scale of population with poor viability in many contexts (Milner et al., 2015) . In response to this situation, some researchers highlighted the need to extend the medical/clinical based intervention-seeking paradigm by paying more attention to socio-environmental conditions (Deuter et al., 2016) . Since then, some studies started to explore approaches that can be carried out on a larger scale, with lower costs and based on resources that already exist in the community. Based on the emerging evidence regarding its potential to reduce depressed symptoms (Du et al., 2015; Ku et al., 2012) and its accessibility, physical activity (PA) has become one of the prominent options that may help reduce the risk of suicide and promote psychosocial health especially among the elderly populations.
Among the limited number of studies that attempted to validate the hypothesis, findings turned out to be largely heterogeneous. Regarding those aimed to validate the relationship between PA and ST/SA, some have proved that engaging in PA leads to a significant decrease in risk of suicide (Davidson et al., 2013; Sturm et al., 2012) , whereas some failed to do so (Arat & Wong, 2017; Bishwajit et al., 2017) . Moreover, some attempted to further investigate the dose-response relationship by categorizing PA into light physical activity (LPA), moderate physical activity (MPA) and vigorous physical activity (VPA) according to WHO guidelines (Song & Lee, 2016; Wang et al., 2016) or by frequency (Elliot et al., 2012; Unger, 1997) . Some studies indicated that all levels of PA are protective to suicidal behaviors (Cho, 2014; Elliot et al., 2012) ; nevertheless, others resulted in no significant correlation or even revealed contradictive relationships with suicidal behaviors between different levels of PA. For instance, Bailey & McLaren's (2005) study did not find a significant relationship between PA and depression nor between PA and ST in older adults; whereas in Song & Lee's (2016) study, activity above moderate intensity was found to be associated with higher risk of SA in female adults, and regular exercise was found to be associated with lower risk of ST in male adults. The above inconsistent findings, in turn, call for further evidence regarding this issue.
Furthermore, much of the available evidence came from developed countries and was extracted from adolescents, leaving those who lived in low-and middle-income countries (LMICs) and in their 50s or older not receiving enough attention they deserve. For instance, Vancampfort et al.'s (2018) systematic review regarding the relationship between PA and ST (published in 2018) extracted 11 studies conducted in adolescents, 15 in adults whereas only three in older adults; and these three studies were all conducted in developed countries. Statistics remind that, on the one hand, suicides in LMICs countries account for 84% of worldwide suicides, and India and China together account for nearly 50% (Phillips & Hui, 2012) ; on the other hand, suicide rate generally increases with age (World Health Organization, 2014) . Taking into consideration the large gap between LMICs and high-income countries regarding the political and sociocultural contexts, the complexity of suicidal behaviors with unique characteristics and risk factors in later life (Conwell, Duberstein & Caine, 2002) , and the growing proportion of elderly in the general population in LMICs (Shah, 2011) , whether PA has an impact on ST/SA among the elderly population in LMICs awaits further investigation.
To the best of our knowledge, no study to date has explored this topic using a cross-national sample of the LMICs. Therefore, we carried out the study with the aims to explore the patterns of suicidal behaviors (ST and SA) and PA across various socio-demographic groups and to examine the relationship between different levels of PA with ST and SA in elderly adults. Since prior research indicated potential gender discrepancy on the relationship between PA and suicidal behaviors (Brown & Blanton, 2002) , we have also investigated the patterns in these two subgroups. As data on suicidal behavior are rare for LMICs, we used secondary surveys from World Health Organization conducted in the following countries: China, Ghana, India, Russia and South Africa.
METHODS

Survey details
For this study we used data from the Study of Global Ageing and Adult Health (SAGE) of WHO Wave 1 (2007 . SAGE is a longitudinal survey conducted in six countries including China, Ghana, India, Mexico, the Russian Federation and South Africa with an aim to provide quality data on various aspects of elderly health for population aged 50 and higher. For the present analysis we included men and women aged 50 years and above who provided information on the indicators of suicide and PA. The sample population were chosen randomly from community-dwelling households and individuals by using stratified sampling techniques. In this study, we considered all countries except Mexico due to lack of available explanatory variables. Response rates were China (95%), Ghana (92%), India (92%), Russian (71.8%), South Africa (60%). Description of study and sample design were published elsewhere (Thapa, Martinez & Clausen, 2014) .
Variables
Outcome variables: were self-reported occurrence ST and SA in the last 12 months period. Participants were asked: During the last 12 months, (1) Have you thought of death, or wish you were dead? And, (2) During this period, have you ever tried to end your life? Both of the questions had three possible answers: Yes/No/Don't know. Participants who responded as "Yes" were considered as having experienced ST and SA, and "No" if responded otherwise.
Main Explanatory variables: (1) VPA, (2) MPA, (3) Leisure time moderate physical activity (LMPA), (4) Walking/bike-riding. These were measured based on the responses to the following questions:
(1) VPA: Does your work involve vigorous-intensity activity that causes large increase in breathing or heart rate (e.g., heavy lifting or chopping wood) for at least 10 min continuously?
(2) MPA: Does your work involve moderate-intensity activity that causes small increase in breathing or heart rate (e.g., carrying light loads or cleaning) for at least 10 min continuously?
(3) LMPA: Do you do any moderate intensity sports, fitness or recreational activities that cause large increases in breathing or heart rate (e.g., running or football) for at least 10 min continuously?
(4) Walking/bike-riding: Do you walk or use a bicycle for at least 10 min continuously to get to and from places?
These variables were selected based on their demonstrated associated with individual adverse psychosocial outcomes that are likely to influence ST/SA according to the international guidelines set by World Health Organization (2010). As durations of LMPA and walking/bike-riding were not available for the majority of the participants, these were categorized as "Yes" or "No" based on whether or not the individual took this form of activities. 
Data analysis
Data were analyzed with SPSS V24. Participants with reported self-reported cognitive limitations were excluded from the analysis (<1%). Sample profile was described as percentages. Prevalence rates of the explanatory and outcome variables were presented as percentages with 95% CIs. The association between ST and SA was analyzed with binary logistic regression methods by adjusting for the potentially confounding variables. Owing to known difference in suicidal behavior between men and women, results from regression analyses (Odds Ratios) were stratified by sex and calculated separately for each of the five countries. Association between levels of PA and outcome variables was considered statistically significant for p < 0.05.
Ethical approval
Study of global ageing and adult health surveys were approved by the World Health Organization's Ethical Review Committee. Additionally, partner organizations in each country implementing SAGE obtained ethical clearance through their respective institutional review bodies.
RESULTS
Sample characteristics
Sociodemographic and health indicators of the sample population were summarized in Table 1 . In total, 2,861 men and women were included in the present study with highest participation from India (1,156) and lowest from South Africa (166). A greater proportion of the participants were female and in the age group of 50-69 years. In all countries, a strikingly low proportion of the participants reported having enough money to meet the needs completely. Overall, more than one-third of the participants reported their current health status as good (35.6%), and about a quarter as bad (26.3%). Approximately three-fifth expressed being satisfied with life (59.1%).
Prevalence of engaging in physical activity ) and 5.5% (95% CI [3.9-7.5]). Gender-stratified prevalence was presented in Table 3 . Generally speaking, the proportion of participants with ST or SA was significantly lower than other four countries (ST: 5.4% in China vs. over 34% in each of the four countries; SA: 2.5% in China vs. 5.9% and over in each of the four countries). Within the country, it appeared that the prevalence of both ST (15.5% vs. 3.9%) and SA (11.1% vs. 1.2%) were significantly higher among men in China, while women had significantly higher rates of ST (25.7% vs. 41.7%) and SA (4% vs. & 7.6%) in India. Figure 1 reveals a strong negative relationship between VPA and ST as well as SA (p < 0.05). The percentage of participants who reported having ST and SA was markedly higher among those did not take recommended levels of VPA. Figure 2 illustrates that the prevalence of both ST and SA was higher among participants who reported taking less than 150 min of MPA in all five countries, with the difference being more remarkable for Russia and South Africa. Figure 3 indicates that participants who took LMPA had significantly lower prevalence of having ST and SA in all five countries. In Russia, all of the suicide ideation cases occurred among those who did not take any LMPA.
As per Figure 4 , not walking/bike-riding had significantly positive association (p < 0.05) with ST and SA in all countries except in South Africa, with the association being most pronounced for China and Ghana.
Multivariate association between self-reported ST/SA and PA Findings from the multivariable regression analyses were summarized in Tables 4 and 5.  From Tables 4 and 5 it is evident that in general, participants who did not engage in PA were more likely to report having ST and SA. In India, for instance, men and women who reported not being involved in VPA had 1.3 and 1.8 times higher odds of having ST and 1.4 and 2.6 times higher odds of having SA. MPA, LMPA and walking/bike-riding also appeared to be associated with both of the outcome variables, however, the associations varied in strength and across countries and gender. For instance, walking/ bike-riding was significantly associated with having ST among both men in women only in Russia, and with SA only in China and South Africa. In Russia, not engaging in MPA (adjusted OR = 1.399) and LMPA (adjusted OR = 2.270) was associated with higher odds of experiencing ST among men, but not among women.
DISCUSSION
General discussion
On par with the high-income countries, suicide is becoming increasingly common phenomenon in the LMICs. Health and social researchers are responding to the rising burden of suicide rates through giving novel and perspectives and approaches to Full-size  DOI: 10.7717/peerj.7108/ fig-3 addressing the risk factors (Fowler, 2012; Milner et al., 2015) . The validation of PA's impact on LMICs may shed light on the identification of novel interventions with universal effectiveness besides the conventional restriction of access to lethal approaches and educating physicians in accurately diagnosis of depression (Mann et al., 2005) . What is more, the findings provide a clearer vision regarding the policy design by reminding that PA interventions should be culture-and gender-specific. Some experience could be extracted from Chinese and Africa cultures: open air group activities such as Tai Chi and square dance are part of Chinese culture (Lu, Fu & Liu, 2016) , whereas traditional dance is rooted in the culture of South Africa (Sedibe et al., 2014) , and there appears to be peer support and influence on promoting PA in both types of exercise. Policy actions, such as India and China both created sports infrastructure at grassroots level and at the same time involved sectors/sports personnel to create a PA culture (Lachat et al., 2013) , may provide some references for countries encountering similar problems.
Prevalence of suicidal behaviors
The findings revealed high ST and SA prevalence among the elderly in LMICs, respectively, accounting for 31% and 5.5%. In particular, except those who lived in China, more than 43% of the elderly in Ghana, India, Russia and South Africa ever thought about suicide within 12 months before investigation. This figure is significantly higher than the corresponding findings from developed countries, where the ST rate ranges from 3% to 15.9% (Nock et al., 2008) . Indeed, the rates for ST and SA in China were significantly lower compared to those in other four countries, the observations are in an agreement with prior studies against older adults in China (Li, Xu & Chi, 2016; Simon et al., 2013) , where the rates of ST and SA were found to range from 1% to 16.7% and 0.35% to 7.6%, respectively. However, some researchers speculated that the ST/SA rate in China may be underreported due to Chinese culture: suicide is heavily stigmatized in traditional Chinese culture, which may result in elderly adults' hesitation in reporting suicidal behaviors (Li, Xu & Chi, 2016; Ma et al., 2009) . Indeed, there are some gaps between ST, SA and complete suicide, the strong association between these three elements together with the high prevalence of ST and SA observed in the present study still reminds the urgent need to raise attention to suicide risks among elderly people in LMICs. Although the study did not tend to focus on gender difference related to suicidal ideation, some interesting findings were extracted. The prevalence of ST and SA were significantly higher among men in China, while it was the opposite scenario in India. The figure in China contradicts the findings from the studies carried out before 2010, which outlined a relatively low male-to-female ratio and indicated suicide a way for women in lower Socioeconomic status (SES) to protest unfair treatment that rooted in traditional Chinese culture Note: N.B. ORs are adjusted for age, sex, current marital status, education, employment, alcohol intake, self-rated health, self-rated life satisfaction; references categories are shown in parenthesis; bolded numbers are significant at p < 0.05. (Yang et al., 2005) . However, we noted that studies after 2010 tend to consider women a protective factor from suicidal ideation (Dong et al., 2014) . This may be due to: (1) the dramatic development in the past decade that lays heavy social stress (in particular financial stress) on men, considering the cultural responsibility to support family (Wang, Chan & Yip, 2014; Zhong, Chiu & Conwell, 2016a) ; (2) the traditional gender role such as independence, and therefore, a weak intention to seek help for negative feelings such as loneliness (Zhong, Chiu & Conwell, 2016b) . Regarding the male-to-female ratio in India, although contradicting the Western experience, it comforts to prior research findings in Indian context (Kar, 2010) . Similar to Phillips & Hui (2012) statement, these interesting findings affirm that the risk factors of suicide vary greatly between cultures and over time.
Physical activity
The findings revealed that the majority of participants met the WHO international guidelines regarding both VPA and MPA, and had experience with walk/bike-riding. This finding is consistent with evidence revealed by a systematic review, which indicates most studies reporting 20-60% of older adults with sufficient PA (Sun, Norman & While, 2013) . However, the findings also outlined some significant variations across five countries. For instance, in China, above 90% of the participants reported walking/bike-riding for at least 10 min every day last week, while in South Africa less than half of the population did. The underlying causes behind these variations are not interpretable from the current findings. However, the possible explanations for high prevalence of walking/bike-riding in China might be the culture and governmental publicity: (1) bikes are still a common travel transportation for Chinese citizens in China especially in rural areas, although the past decade has witnessed a sharp increase in motorization (Feng, 2017) ; and (2) the Chinese government has launched "Ten Thousand Steps a Day" initiative for the Chinese elderly since 2007 (Zhang et al., 2016) . The low prevalence of walking/bike-riding in South Africa might be due to the low neighborhood walkability: one study documented that only 54.2% of the participated middle and older-aged adults had sidewalks on most of the streets in their neighborhood, and only 47.8% had sidewalks in their neighborhood well maintained (Malambo et al., 2017) .
Association between physical activity and suicidal behaviors
Our findings revealed significantly negative relationships between all levels of PA and ST as well as SA, which is consistent with some prior studies (Cho, 2014; Davidson et al., 2013; Simon, Powell & Swann, 2004) . In the bivariate analysis, percentage of participants who reported having ST and SA was found to be markedly higher among those did not take recommended levels of VPA and MPA, and these findings were similar for LMPA and walking/bike riding as well, although some variations across countries and among different types of PA were noted. For instance, ST and SA were more prevalent among the non-participants of LMPA in China, India, Russia and South Africa compared with that in Ghana. In a context where prevalence of LMPA was considerably low, the promoting LMPA is of great promise in these four countries. Similarly, VPA and MPA were found with stronger relationship with the prevalence of ST and SA in India and South Africa; Walk/bike-riding was found with stronger association with the prevalence of SA in China, India and Russia. Due to the lack of cross-national comparative studies on this issue, the underlying cause indeed awaits further investigation, however, some implications could be extracted from a study exploring the association between PA and mental health among adolescents in six other middle-income countries: this study also observed variations across countries and between different types of PA, and therefore, on the one hand, pointed out the difficulties in finding concrete underlying reasons; on the other hand, speculated that important information, such as social-network size, type (lone or group PA) and context of PA, not being included in the dataset may be the reason for the sample-specific variation (Arat & Wong, 2017) . Therefore, the primary finding outlines the need for context-based interventions. For instance, combining the fact that over 50% of the respondents in South Africa did not took LPA, and these group of respondents had larger odds of ST than those who did, strategies such as encouraging regular PA and improving walkability are worth consideration. Another important finding was the sex-difference in the association between different levels of PA and ST/SA was detected in women. This finding partly conforms with that derived from a study on Korean adults (aged 19 and older), where negative associations were observed between ST and PA above moderate intensity in male participants, however, an opposite result was observed in female participants (Song & Lee, 2016) . Regarding the contradictory findings in female participants, the reason may be attributed to the age: prior studies speculated that women took PA for labor but exercise, whereas PA above moderate intensity may lead to ST/SA in women. This may be a different picture in our study: women aged 50 and above are less likely to carry out intensive labor activities, and therefore, they are more likely to take PA for exercise or social connection purposes. This may be supported by Heesch et al.'s (2016) study that indicated positive associations between PA and physical functioning, vitality and social functioning in mid-age and older women. This study further revealed that the associations were significantly stronger in older women compared to that in mid-age women. Moreover, given women's more developed connectedness relative to elderly men (Fassberg et al., 2012) , PA and the derived social connection may result in greater improvement in elderly women's mental health, and therefore, reduce the risk of ST/SA to a larger extent. Similar findings can be retrieved from Salguero et al.'s (2011) study that indicated PA with a significantly higher value in improving elderly women's mental health than that in improving elderly men's mental health.
Strengths and limitations
This study is an important contribution to the current literature. To the best of our knowledge, this study was the first one that examined ST and SA in relation to different levels of PA using a cross-national sample of the LMICs, and also one of the very few studies to estimate the ST and (or) SA against the elderly in LMICs. However, the findings need to be interpreted with caution. Surveys were conducted during 2007-2010 and may not represent the latest scenario in these countries. We gathered data for several countries to understand the pattern of the association across different sociocultural environments. Nonetheless, the sample were not representative of the individual countries, and hence the findings may not be generalizable for the entire population. The surveys were cross-sectional and hence the findings do not indicate causality or directionality of the associations. As the data were secondary, we had no control over the selection or measurement of the variables. We were also unable to estimate the precise number of hours/minutes for walking/bike-riding and LMPA due to data scarcity and had to categorize them as Yes/No rather than adequate/inadequate. Furthermore, the validity of the outcome measures (suicide ideation also remains to be known). Last but not least, data were self-reported, therefore remains subject to reporting bias and/or recall error.
CONCLUSION
Based on analysis of secondary cross-sectional data from SAGE, the findings of this study conclude that PA plays an important role in the occurrence of ST and SA among elderly population. Not engaging in PA can significantly heighten the prevalence of suicidal behaviors among both men and women. Although the data were cross-sectional, and no linear dose-response relationship was observed, the findings provide important indications of potential harmful effects of no/inadequate PA on psychological morbidities among older individuals. Promoting adequate PA among older individuals through communitybased programs can potentially contribute to reduction in the burden of PA in LMICs. Also, the combination of the prevalence of PA and the association between PA and suicidal behaviors may provide evidence for the target interventions for these countries. More studies are required to understand the culture-and gender-specific patterns of ST/SA and potentially viable interventions of individual countries by taking into consideration the unique contexts of each individual LMIC.
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